Fungal pathogens can rapidly evolve virulence towards resistant crops in agricultural ecosystems. Gains in virulence are often mediated by the mutation or deletion of a gene encoding a protein recognized by the plant immune system. However, the loci and the mechanisms of genome evolution enabling rapid virulence evolution are poorly understood. We performed genome-wide association mapping on a global collection of 106 strains of Zymoseptoria tritici, the most damaging pathogen of wheat in Europe, to identify polymorphisms linked to virulence on two wheat varieties. We found 25 distinct genomic loci associated with reproductive success of the pathogen. However, no locus was shared between the host genotypes, suggesting host specialization. The main locus associated with virulence encoded a highly expressed, small secreted protein. Population genomic analyses showed that the gain in virulence was explained by a segregating gene deletion polymorphism. The deletion was likely adaptive by preventing detection of the encoded protein. Comparative genomics of closely related species showed that the locus emerged de novo since speciation. A large cluster of transposable elements in direct proximity to the locus generated extensive rearrangements leading to multiple independent gene losses. Our study demonstrates that rapid turnover in the chromosomal structure of a pathogen can drive host specialization.
Introduction
Fungal plant pathogens cause major damage in agricultural ecosystems and threaten food security worldwide (Fisher et al., 2012) . Many epidemics on crop plants are triggered by an evolutionary innovation in the pathogen that prevents the host immune system from recognizing the pathogen. However, the evolutionary mechanisms by which pathogen populations gain the ability to circumvent the host immune system are poorly understood. A key component of the plant immune system is based on resistance genes (R-genes) encoding cytosolic or membrane proteins that directly or indirectly detect the presence of pathogen avirulence effector proteins and trigger immune defenses (Flor, 1971; Jones and Dangl, 2006) . Effectors are often small secreted proteins (SSPs) that are highly expressed during infection and contain a high proportion of cysteines (Stergiopoulos and de Wit, 2009 ). Recognition of effectors can severely limit a pathogen's ability to cause disease (Oliveira-Garcia and Valent, 2015) .
Hence, selection pressure on pathogens favors mutations that enable the encoded effectors to escape recognition.
As host genotypes often differ in their composition in R-genes, selection pressure on corresponding pathogen populations can be highly heterogeneous, generating a long-term co-evolutionary dynamic that simultaneously favors multiple pathogen genotypes that each has evolved virulence on a specific subset of hosts (Stukenbrock and McDonald, 2009; Presti et al., 2015) . Sequence diversification or deletion of effector genes were linked to an increase in virulence on host genotypes carrying corresponding R-genes in various plant pathogenic fungi and oomycetes (Jiang and Tyler, 2012; Ghanbarnia et al., 2015; Schmidt et al., 2015) . Knowledge of effector gene evolution in pathogen genomes and natural fungal populations is essential for developing effective breeding strategies that lead to durable resistance. For instance, the presence of dispensable or rapidly evolving fungal effectors could be monitored in pathogen populations and included in R-gene deployment strategies (Boyd et al., 2012; Vleeshouwers and Oliver, 2014) . Plant pathogen effectors can also have a role in the degradation of the plant cell wall and the lysis of cell components during infection (Esquerré-Tugayé et al., 2000; De Jonge et al., 2011) . In addition to effectors, proteins involved in cellular transport and nutrition were shown to have an important role in the ability of a pathogen to cause disease (Stergiopoulos et al., 2003; Oh et al., 2008; Ipcho et al., 2012) . However, the contribution of noneffector proteins to overall virulence is largely quantitative and their role in virulence evolution remains poorly understood.
Wheat is a major crop supplying 20% of the calorie needs of the human population and is threatened by multiple fungal pathogens. The major pathogen of wheat in Europe is Zymoseptoria tritici (syn. Mycosphaerella graminicola; Fones and Gurr, 2015) . The genetic basis of virulence in Z. tritici is poorly understood (Rudd et al., 2015; Kettles and Kanyuka, 2016) . This sexually reproducing fungus is found in temperate wheat production areas around the world (Eyal et al., 1987) and populations are highly polymorphic (Zhan et al., 2003; McDonald et al., 2016) . A major reason why the Z. tritici-wheat interaction is poorly understood is that virulence of Z. tritici is mainly quantitative. Similarly, resistance of wheat to Z. tritici has both gene-for-gene and quantitative components. Eighteen Stb R-genes and 167 resistance quantitative trait loci were identified (Brown et al., 2015) . Host resistance can be broken down rapidly, most likely as a result of effector evolution (Cowger et al., 2000; Krenz et al., 2008) . Known components of Z. tritici virulence include only two secreted effectors: Mg3LysM encodes a protein that prevents chitin binding and protects against defense response triggered in the host (Marshall et al., 2011) ; the rapidly evolving gene Zt80707 contributes to virulence based on unknown mechanisms (Poppe et al., 2015) . Expression profiling and in silico sequence analyses identified hundreds of candidate effectors with unknown contributions to virulence (Morais do Amaral et al., 2012; Mirzadi Gohari et al., 2015; Palma-Guerrero et al., 2016) . However, in silico approaches to identify genes contributing to virulence face challenges because many effectors may have redundant functions or may be specific to particular host genotypes.
We aimed to circumvent these challenges by performing an unbiased genomic screen using association mapping to directly identify loci in the pathogen genome contributing to virulence. Genome-wide association studies (GWAS) link polymorphism in the genome with phenotypic variation and are particularly powerful in species with high standing genetic variation and frequent sexual reproduction (Bergelson and Roux, 2010; Korte and Farlow, 2013) . The population genetic structure of Z. tritici makes this pathogen particularly suitable for GWAS. First, we determined the genetic architecture of quantitative and qualitative virulence in a set of pathogen populations spanning the global distribution range. We assessed the production of asexual fruiting bodies called pycnidia on wheat leaves as a measure of virulence and pathogen fitness (Zhan et al., 2005; Stewart and McDonald, 2014; Brown et al., 2015) . Second, we dissected the mechanisms of chromosomal evolution generating variation in virulence among isolates of the pathogen. For this, we performed population and comparative genomics analyses of completely assembled genomes of the same species and closely related sister species. We found that the strongest contribution to virulence was a segregating effector gene deletion that arose multiple times through a complex series of chromosomal rearrangements.
Materials and Methods

Fungal isolate collection
We analyzed 106 isolates of Z. tritici collected from single wheat fields in four different locations: Australia, Israel, Switzerland and Oregon, USA. In Oregon, isolates were sampled from cultivars Madsen (Oregon R) and Stephens (Oregon S). All sampling was performed between 1990 and 2001. Spores were stored in anhydrous silica gel at − 80°C after sampling. Details regarding sampling years and locations of these five populations were described in Zhan et al. (2005) . Previous analysis showed that there were no clonal genotypes among the isolates (Linde et al., 2002; Zhan et al., 2005) .
Virulence assay to measure pycnidia production on two wheat cultivars We used the virulence phenotypes obtained in the pathogenicity tests carried out by Zhan et al. (2005) . Briefly, a greenhouse seedling assay was performed to assess the virulence of the Z. tritici isolates on two Swiss spring wheat cultivars: Greina (susceptible to Z. tritici) and Toronit (moderately resistant to Z. tritici; Brabant et al., 2006) . Twenty-one days-old wheat seedlings were artificially inoculated with each isolate. Infected leaves were collected 22 days after inoculation and digitized. The percentage of leaf area covered by pycnidia (PLACP) was measured using the software Assess (Lamari, 2002) . We repeated the inspection of digital images for accuracy. The PLACP values of two isolates assayed on Toronit were modified as a result. All other data points were retained as shown in Zhan et al. (2005) . In total, phenotypic data was available for 96 isolates assayed on Toronit and 95 isolates assayed on Greina.
Whole-genome sequencing and variant calling procedure Sequencing data was previously available for five Swiss isolates on the NCBI Short Read Archive under the BioProject PRJNA178194 (Torriani et al., 2011) . We performed Illumina whole-genome sequencing of 101 additional isolates (Supplementary Table S1 ). We extracted high-quality genomic DNA from liquid cultures for the remaining isolates. Paired-end sequencing of 100 bp was performed on an Illumina HiSeq 2000. We obtained approximately 1 billion bp of raw sequence for each isolate. The raw sequencing data were deposited on the NCBI Short Read Archive under the BioProject PRJNA327615.
The sequencing reads were trimmed for remaining adapters and sequencing quality using the software Trimmomatic v0.32 (Bolger et al., 2014) with the following settings: illuminaclip = TruSeq3-PE. fa:2:30:10, leading = 10, trailing = 10, slidingwindow = 5:10, minlen = 50. Sequence data from all isolates was aligned to the reference genome IPO323 (Goodwin et al., 2011) , which is fully assembled into chromosomes, contains no gaps and includes complete telomere sequences except for one small chromosome. We used the short read aligner Bowtie 2 version 2.2.3 (Langmead et al., 2009 ) with the -very-sensitive-local option. PCR duplicates were identified using Picard tools version 1.118 (http://broadinstitute.github.io/ picard).
Single nucleotide polymorphism (SNP) calling was performed using the Genome Analysis Toolkit (GATK) version 3. 3-0 (McKenna et al., 2010) . HaplotypeCaller was run on each isolate individually with the following settings: -emitRefConfidence GVCF; -variant_index_type LINEAR; -variant_in-dex_parameter 128000; -sample_ploidy 1. Joint variant calls were performed using GenotypeGVCFs on a merged gvcf variant file using the option -maxAltAlleles 2. For details on SNP call filtering, validation and genetic structure analyses see Supplementary Methods. The variant call format (VCF) file was deposited in the European Nucleotide Archive (ENA) under the accession numbers PRJEB15502/ERP017268 and the analysis number ERZ330467.
Model selection for genome-wide association study Population structure and varying degrees of relatedness between individuals may be a source for p-value inflations and false positives due to non-random phenotype-genotype associations (Bergelson and Roux, 2010; Korte and Farlow, 2013) . To account for this, we analyzed the population structure and genetic relatedness of all 106 isolates by performing a principal component analysis (PCA) and computing a kinship matrix, respectively (for full details see Supplementary Note S1). Then, we performed GWAS with three different statistical models commonly used for population structure and kinship corrections. We used a general linear model with the first three principal components (GLM Q), a mixed linear model with kinship effect only (MLM K), and a mixed linear model with kinship effect and principal components (MLM Q+K). Significance thresholds used for GWAS analyses were the following: Bonferroni threshold Po6.42e − 08 (α = 0.05), false discovery rate (FDR) thresholds of 5% and 10% calculated using the R package q-value (Storey and Tibshirani, 2003) . For additional details on GWAS model selection see Supplementary Methods.
Analyses of linkage disequilibrium decay
We assessed the mapping power and resolution of GWAS by estimating linkage disequilibrium (LD) decay for SNPs on chromosome 1. We calculated the LD r 2 between all marker pairs up to a distance of 20 kb using the option -hap-r2 in vcftools. We performed the analysis for each population separately to avoid r 2 inflation due to demography. We fitted the decay of r 2 over physical distance using a nonlinear model following the equation described by Ingvarsson (2005) . We used the nls function (nonlinear least squares) in R software (R Core Team, 2014) to estimate the parameters of the model. We used the same procedure to estimate LD decay for specific loci associated with phenotypic traits. For this, we calculated LD within the region of the most significantly associated SNP up to a distance of~200 kb.
Functional prediction of genes associated with virulence Loci identified by GWAS were analyzed for their functional role. The average distance between genes in the Z. tritici genome is approximately 1 kb (Goodwin et al., 2011) . Hence, we considered a SNP to be intergenic if the SNP was located at a distance greater than 1.2 kb from the 5′ or 3′ end of a gene. SNPs within 1.2 kb of a gene were considered up-or downstream variants.
For SNPs located in the coding sequence of a gene, we screened all gene annotations available for the reference genome IPO323 (Goodwin et al., 2011; Grandaubert et al., 2015; Rudd et al., 2015) and manually assessed the support for individual gene models using RNAseq data (Rudd et al., 2015) . RNAseq data obtained in planta were used to assess differential gene regulation during infections (Rudd et al., 2015; Palma-Guerrero et al., 2016) . Predicted amino acid sequences were analyzed for signatures of signal peptides and functional domains using SignalP 4.1 server (Petersen et al., 2011) , the InterProScan server (Jones et al., 2014) , the Uniprot server (Magrane and Consortium, 2011) and the NCBI Conserved Domain Blast server (Marchler-Bauer et al., 2015) . We identified homologs of Z. tritici genes in three closely related species using blastn. The genomes of five isolates of Z. pseudotritici, 4 isolates of Z. ardabiliae and one isolate of Z. passerinii were downloaded from NCBI under the accession numbers PRJNA 63035, PRJNA277173, PRJNA63037, PRJNA63039, PRJNA46489, PRJNA63043, PRJNA277174, PRJNA 63045, PRJNA63047, PRJNA63049 (Robbertse and Tatusova, 2011; Stukenbrock et al., 2012a) .
Identification of segmental deletions
We used CNVnator (Abyzov et al., 2011) to perform a statistical analysis of short read coverage along chromosomes to identify segmental deletions in the 106 resequenced isolates. We assessed deletions in bins of 100 bp as recommended, because nearly all resequenced isolates exceeded 20-30 × read coverage. We additionally validated evidence for gene deletion using blastn performed on the de novo genome assemblies of individual isolates (see below). For the isolate STAus01_1D5, we manually corrected a CNVnator deletion call for one gene as a blastn search yielded the correct gene sequence in the genome assembly. Segmental deletions were visualized using the R package {ggplot2} (Wickham, 2009) . The detected gene deletion polymorphisms were validated by PCR (Supplementary Methods).
Analysis of the sequence diversity of the gene Zt_8_609
We obtained sequences of Zt_8_609 using blastn performed on de novo genome assemblies of each isolate. The Zt_8_609 sequence could not be retrieved for four isolates, most likely due to poor assembly in the region containing the locus. De novo assemblies of the Illumina reads were performed for each isolate using SPAdes 3.6.0 (Bankevich et al., 2012) . We used the BayesHammer read correction prior to assembly and ran the assembly over a k-mer range of '21,29,37,45,53,61,79,87' . The assembly was polished using MismatchCorrector. De novo assemblies were used to build BLAST databases for each isolate. BLAST searches were performed using the blastn command of the ncbi-blast-2.2.30+ software (Camacho et al., 2009) . Nucleotide diversity in Zt_8_609 was calculated using the R package {Ape} (Paradis et al., 2004) according to (Nei, 1987) . We also analyzed large-scale synteny of the locus within the species based on completely assembled chromosomal sequences of the reference genome IPO323 (Goodwin et al., 2011) and the Swiss isolate ST99CH3D7 (Plissonneau et al., 2016) . Synteny was analyzed using blastn and visualized using the R package genoPlotR v. 0.8.4 (Guy et al., 2010) .
Results
Genome sequencing of highly polymorphic pathogen populations To map the genetic architecture of virulence in natural populations of Z. tritici, we used the genomes of 106 isolates across the pathogen's geographic range sequenced at a coverage of 8-29 × (haploid genome; Supplementary Table S1 ). We obtained a total of 779 178 high-confidence SNPs. Populations were highly polymorphic with an average SNP density of 20 SNPs per kb. Australia was the least polymorphic population with 294 249 segregating SNPs. In total, 96.4% of all SNPs were segregating in at least two populations ( Figure 1a ; Supplementary Figure S1 ). Genotypes clustered according to their population of origin ( Figure 1b ; Supplementary Note S1). We assessed the mapping power of GWAS by calculating LD decay for each population. LD decayed to r 2 o0.2 within 0.6-2.2 kb in the Swiss, Israel and Oregon populations, whereas LD decayed to r 2 o0.2 within 10.2 kb in the Australian population (Supplementary Figure S2) . Given that the average distance between genes in Z. tritici is 1080 bp, we expected GWAS to resolve associations to individual genes.
Complex genetic architecture and host specificity of pycnidia production We performed a GWAS of 106 Z. tritici isolates assayed for pycnidia production on the Swiss spring wheat cultivars Greina and Toronit (Figures 1c-e) . Greina and Toronit have been deployed since 1994 and 1996, respectively. Long-term monitoring of wheat fields showed that resistance to Z. tritici was intermediate in comparison to a reference panel of other commonly planted Swiss wheat cultivars (Brabant et al., 2006) . In greenhouse assays performed with these two cultivars, virulence of Z. tritici was a quantitative trait. Consistent with field monitoring, Toronit was on average more resistant than Greina (Zhan et al., 2005) . The quantitative nature of virulence suggests that fungal populations evolved a complex genetic architecture to overcome resistance. The difference in field resistance suggests that the pathogen evolved different mechanisms to overcome resistance to each of the two cultivars. Hence, identifying loci in the pathogen responsible for virulence on these two cultivars should provide a broad perspective of virulence evolution on wheat.
Population genetic analyses of the 106 isolates identified genetic subdivisions according to the population of origin (see Supplementary Note S1 for details). Hence, we used GWAS models that accounted for population structure and corrected for P-value inflations. All SNPs significantly associated with a phenotypic trait were validated using two independent SNP genotyping algorithms. We identified five significantly associated SNPs for the trait percent leaf area covered by pycnidia (PLACP) on the cultivar Toronit (Bonferroni α = 0.05). We found 23 additional SNPs at a 5% FDR (Supplementary Note S2). All SNPs at the 5% FDR threshold clustered into 13 chromosomal regions. An additional 69 SNPs were found at the 10% FDR threshold (Figure 2a ; Supplementary Tables S2 and S3 ). The strongest association was at 1.844 Mb on chromosome 8 with snp_chr8_1844714 being the most significant SNP. The association was robust as a GWAS performed only on a single population recovered the association at a 10% FDR (Oregon n = 45; Supplementary Figure S3 ). GWAS performed for PLACP on the cultivar Greina identified overall weaker associations than for Toronit (Figure 2b ; Supplementary Tables S4 and S5) . No association was significant at Bonferroni α = 0.05 or at 5% FDR. We identified 50 significantly associated SNPs at the 10% FDR. All these SNPs clustered into 12 regions on chromosomes 1-6, 10 and 11. PLACP was weakly but significantly correlated between the two cultivars (Pearson's correlation coefficient r = 0.34, Po0.002; Figure 1e ). However, no significantly associated SNP for PLACP was shared among the two tested cultivars. In particular, the strongest association identified for PLACP on Toronit (snp_chr8_1844714) was not significant for PLACP on Greina. The allelic effect of snp_chr8_1844714 was high on Toronit (16.3 difference in PLACP) but low on Greina (3.31 difference in PLACP). Overall, allelic effects between cultivars were not correlated (Pearson's correlation coefficient r = 0.17; Supplementary Figure S4 ).
Functional analyses of loci linked to virulence
Nine associations for PLACP on Toronit were either in coding regions of a gene or within 1.2 kb of a gene (the average distance between genes in the genome is 1 kb). Associations found in close proximity to genes may be linked to variation in transcriptional regulation of the locus. Identified candidate genes included genes encoding a peptidase C19, an uncharacterized secreted protein and a beta-galactosidase (glycoside hydrolase family 35). Furthermore, we found associations in proximity to genes encoding a major facilitator superfamily transporter up-regulated during advanced stages of the infection (that is, during necrotrophy) and a pectinase. The pectinase is a member of the cell wall degrading enzymes shown to be under purifying selection in the species (Brunner et al., 2013) . Four chromosomal regions associated with PLACP on Toronit were located in intergenic regions (⩾ 1.2 kb from the closest gene; Supplementary Table S3 , Supplementary Note S2). These intergenic associations included the strongest association (snp_chr8_1844714). For PLACP on the cultivar Greina, nine out of the 12 identified associations (10% FDR) were found in coding sequences or within 1.2 kb of the nearest gene.
Candidate genes included two genes encoding Table S5 ; Supplementary Note S2).
Genome-wide association linked to a segregating gene deletion polymorphism We investigated the chromosomal region in which we identified the strongest association for PLACP on Toronit. The associated chromosomal region on chromosome 8 was intergenic and comprised four SNPs above the Bonferroni threshold (Supplementary Table S2 ). The allele frequency of the allele at snp_chr8_1844714 associated with higher virulence was 33% (0% in Australia, 9% in Oregon, 65% in Switzerland and 94% in Israel). Population differentiation for snp_chr8_1844714 was higher For each GWAS analysis, the associated loci were characterized as intragenic or linked to a gene.
(F ST = 0.59) than the genome-wide population differentiation (F ST = 0.24; Supplementary Note S1).
To investigate polymorphism linked to the strongest associated SNP, we screened the sequenced isolates for evidence of segmental deletions using normalized read depth. We found that all 34 isolates carrying the alternative allele (higher PLACP) had a segmental deletion affecting the neighboring gene Zt_8_609 located at a distance of 1486 bp. Conversely, all 51 isolates carrying the reference allele (lower PLACP) did not show any evidence for segmental deletions of the gene. The deletion polymorphism of Zt_8_609 was in complete linkage disequilibrium with the snp_chr8_1844714 (Figure 3a) . We found no other gene deletion polymorphism in linkage disequilibrium with snp_chr8_1844714. The length of the segmental deletions affecting Zt_8_609 was at least 3 kb. We confirmed the deletion polymorphism of Zt_8_609 by PCR (Figure 3b ; Supplementary Table S6) .
We used RNAseq data generated for IPO323 (Rudd et al., 2015) to validate the gene model of Zt_8_609 and could identify the missing stop codon (Supplementary Figure S5 ; Supplementary Note S3). Zt_8_609 was 204 bp long and composed of four exons encoding a protein of 67 amino acids. The immature protein contained a signal peptide and six cysteines (9%; Figure 3d ) and had no homology to any other known protein. The gene was strongly upregulated in IPO323 infecting wheat with a peak expression at 9 days post inoculation (Figure 3c ). This corresponds to the onset of visible disease symptoms (that is, lesions) and indicates the switch to a necrotrophic lifestyle (Rudd et al., 2015; Sánchez-Vallet et al., 2015) . All characteristics of Zt_8_609 strongly suggest that the gene encodes an SSP that acts as an effector during wheat infection.
An effector gene located in proximity to a highly polymorphic genome compartment The gene Zt_8_609 was located at the border region between a gene-poor (1.774-1.844 Mb) and a genedense region (1.848-1.944 Mb) of chromosome 8 (Figures 4a and b) . The gene-poor region was rich in transposable elements (TEs) including long terminal repeat retrotransposons (Gypsy, Copia, AFUT1-I) and non-long terminal repeat retrotransposons (LINE-like Tad1; Figure 4c ). We identified a large number of segmental deletions among isolates (Figure 4d ). Individual segmental deletions ranged from 0.2-66 kb and were affecting chromosomal regions with a minimum distance of 1 kb to snp_chr8_1844714. The total length of segmental deletions per isolate was on average 41 kb. The maximum total deletion length was 68 kb and only two Swiss isolates lacked any deletions in the region. Deletion profiles differed substantially among isolates and nearly all isolates were of a unique deletion genotype. Furthermore, segmental deletions showed evidence for population structure. Isolates from the Oregon populations had the highest total length of segmental deletions with an average of 55 kb per isolate. Deletions spanning 1.784-1.794 Mb and 1.825-1.830 Mb were fixed among all isolates from Oregon and Israel. The Swiss and Israel populations showed a similar range of total segmental deletion with an average of 35 and 37 kb per isolate, respectively. The total deletion length was lowest in Australia with an average of 19 kb per isolate.
We investigated linkage disequilibrium decay in both the gene-poor and the gene-dense regions adjacent to Zt_8_609 (Figure 4e ). For this, we calculated LD decay of all pairs of SNPs that included snp_chr8_1844714 and found that LD r 2 decayed rapidly in the gene-dense 1.844-1.944 Mb region (r 2 o0.2 within 2 kb). However, the highly polymorphic 1.744-1.844 Mb region showed a much slower LD decay (r 2 o0.2 within 13, 12 and 19 kb in the Oregon, Swiss and Israel populations, respectively). The slower LD decay in the 1.744-1.844 Mb region is most likely explained by the fact that physical marker distances were shorter than expected from the reference genome because the region was rich in segmental deletions. However, the high degree of structural variation could also have led to reduced recombination rates (Otto and Lenormand, 2002) . Alternatively, selective sweeps associated with Zt_8_609 could also have led to higher LD.
Evidence for partial gene deletions and loss-of-function mutations
We analyzed sequence diversity of Zt_8_609 in the 56 isolates carrying the gene using de novo genome assemblies (Supplementary Table S7 ). The gene sequence was completely conserved in 37 isolates from the Swiss, Israel, and Oregon populations. We found 6 SNPs in 33 out of the 37 isolates within 700 bp of the 5′ upstream region. We identified substantial sequence polymorphism in the remaining 19 isolates. Segmental deletions affecting one or more exons were found in five Swiss and Oregon isolates. In all five isolates the flanking sequences were conserved. The deletions affected either the first two exons including the sequence encoding the signal peptide or the last exon including the stop codon. The gene was highly polymorphic in Australian isolates (π = 0.05). We found that all except one Australian isolate had a start codon mutation from AUG to AUA. Two isolates had a segmental deletion affecting the last exon. Isolate STAus01_1D8 had a 1 bp deletion in the first exon leading to a truncated reading frame. The high frequency of start codon mutations and high nucleotide diversity among Australian isolates suggests that the gene is largely non-functional in this population. We found that virulence on Toronit was higher in isolates found to have non-functional alleles of Zt_8_609 compared with the isolates that have the conserved allele. Isolates carrying alleles with partial gene deletions (mean PLACP = 5.5; n = 7) and alleles with start or stop codon mutations (mean PLACP = 5.5; n = 12) were of intermediate virulence compared with the isolates with the conserved Zt_8_609 allele (mean PLACP = 2.5; n = 37) and isolates missing Zt_8_609 (mean PLACP = 14.8; n = 36; Figure 5 ). We found no impact of Zt_8_609 deletions on PLACP on Greina (Figure 5b ). Comparative genomic analyses of the non-homologous chromosomal region We characterized the segmental deletion affecting Zt_8_609 using comparative genomics analyses. For this, we analyzed chromosomal synteny between the reference genome IPO323 (Goodwin et al., 2011) and the completely assembled Swiss isolate ST99CH3D7 which lacks Zt_8_609 (Figure 6a ; Plissonneau et al., 2016) . We found that the 1.78-1.84 Mb region in IPO323 which includes Zt_8_609 had no homology in the ST99CH3D7 genome. The loss of Zt_8_609 was accompanied by the deletion of a 65 kb cluster of TEs. At the homologous position, ST99CH3D7 did not harbor any significant non-syntenic sequences compared with IPO323. The chromosomal sequences adjacent to the TE cluster (1.76-1.78 Mb and 1.84-1.88 Mb) showed high degrees of synteny between the two genomes with the exception of four non-syntenic sequences of ST99CH3D7. The length of the non-syntenic sequences varied from 0.1 to 1 kb and contained small clusters of TEs. The large segmental deletion in ST99CH3D7 confirmed that physical distances between SNPs in the 1.776-1.844 Mb region of the reference genome were indeed shorter in homologous chromosomes of the species.
The evolutionary history of the chromosomal region among sister species We investigated the origin of Zt_8_609 by performing homology searches in genomes of the closest known sister species. We found no ortholog of Zt_8_609 in any genomes of the three closest known sister species Z. pseudotritici, Z. ardabiliae and Z. passerinii from which Z. tritici diverged 10 500, 18 500 and 68 500 years ago, respectively (Stukenbrock et al., , 2012b . Given the absence of Zt_8_609 in any of the three closest known relatives of Z. tritici, the gene was likely gained in Z. tritici after speciation. We extended the homology search to the four neighboring genes of Zt_8_609 in each direction (Figure 6b ). In total, we found that five out of eight genes were present in all analyzed genomes of the sister species. Three genes (Zt_8_606, Zt_8_608 and Zt_8_611) were missing in at least one of the species.
For Zt_8_611, we found no ortholog in any sister species. Zt_8_611 is located in a gene-dense region and is predicted to encode an F-box domain protein. Furthermore, we found no orthologs for Zt_8_608 in the most closely related species Z. pseudotritici, but the gene was present in the two more distant species Z. ardabiliae and Z. passerinii. Zt_8_608 was located similarly to Zt_8_609 at the border of the large TE cluster between 1.774 and 1.844 Mb and encodes a protein of unknown function. Zt_8_606 was found in one out of five Z. pseudotritici isolates and in all Z. ardabiliae isolates. Zt_8_606 encodes a protein of unknown function. The lack of Zt_8_608 and Zt_8_611 in several Z. tritici sister species shows that the chromosomal region containing Zt_8_609 underwent significant sequence rearrangements in its recent evolutionary history. In Z. tritici, both Zt_8_608 and Zt_8_611 were not present in all isolates. Zt_8_611 was affected by deletions in all populations except Australia, ranging from a frequency of 10% in Israel to 30% in the Swiss and Oregon populations. Zt_8_608 was deleted in one isolate from Israel. These comparative genomic analyses showed that the virulence locus was embedded in a highly dynamic chromosomal compartment that may have favored the emergence of evolutionary novelty.
Discussion
Virulence of field isolates of Z. tritici had a complex genetic basis, which included at least 25 distinct genomic regions. Significantly associated SNPs were located in genes associated with plant cell wall degradation, cell transport, and fungal metabolism. Virulence in Z. tritici was suggested to be a largely quantitative trait despite evidence for gene-for-gene interactions (Brading et al., 2002; Brown et al., 2015) . Polymorphism linked to pycnidia production segregated in most populations with the exception of Australia. The Australian population was monomorphic for most of the associated SNPs and the low level of genetic diversity was proposed to be due to a bottleneck that occurred during the introduction of wheat to Australia (Zhan et al., 2005) . The diversity and distribution of genes associated with pycnidia production confirmed that virulence was largely quantitative. Some associated genes encoded protein functions that were previously associated with virulence in Z. tritici or other plant pathogens. For instance, we identified two genes encoding cell wall degrading enzymes. One cell wall degrading enzyme likely has a role in galactan hydrolysis. The second one was a pectinase previously found to be under purifying selection in Z. tritici populations (Brunner et al., 2013) . Cell wall degrading enzymes have a crucial role in host cell wall degradation and pathogen nutrition during the infection (Esquerré-Tugayé et al., 2000; De Jonge et al., 2011) . In addition, we identified associations in proximity to genes encoding major facilitator superfamily transporters. Major facilitator superfamily transporters are involved in nutrient uptake, the secretion of effectors, or protection against plant defense compounds (Pao et al., 1998) . Some major facilitator superfamily transporters are known virulence factors in plant pathogens, including Z. tritici (Stergiopoulos et al., 2003; Oh et al., 2008) . We also identified adaptive genetic variation in genes encoding proteins involved in nutrient acquisition and general metabolism which were not previously associated with fungal virulence.
Host specificity of virulence genes
We found strong evidence for host specificity in the genes affecting virulence, as there was no overlap in significant associations between the two cultivars. The strength of the associations was generally higher for SNPs linked to PLACP on Toronit than for PLACP on Greina. A lack of overlap in associated chromosomal regions for PLACP among cultivars may partially be due to a lack in power to identify variants of small effect (Korte and Farlow, 2013) . However, there was no meaningful correlation among association p-values for PLACP on the two different cultivars. Host specificity in virulence may evolve through multiple evolutionary scenarios. In several well studied host-pathogen systems, host specificity is determined largely by the matching of resistance or host susceptibility genes and their corresponding effectors (Faris et al., 2010; Liu et al., 2013; Bourras et al., 2015) . However, we found that host specificity in Z. tritici included an important quantitative component based on a large number of small effect loci. Virulence-associated loci likely included polymorphism associated with variation in gene regulation, adding further complexity to the host-specific expression of virulence.
Deletion of a gene encoding a SSP strongly increased virulence
The strongest GWAS association on Toronit was linked to the deletion polymorphism of Zt_8_609. The gene encodes a SSP which is highly expressed during the infection. The absence of a recognizable domain in Zt_8_609 is a characteristic shared with many plant pathogen effectors (Presti et al., 2015) . The peak of expression of Zt_8_609 was during the necrotrophic phase, which suggests that the encoded protein is involved in plant defense activation or recognition, or the induction of necrosis in the plant cell. The absence of Zt_8_609 was correlated with significantly higher pycnidia production. This strongly suggests that Zt_8_609 is involved in a gene-for-gene interaction with a corresponding R-gene in the host. Zt_8_609 likely encodes an avirulence effector that largely prevents the fungus from successfully reproducing on its host. In addition to complete gene deletions, we found loss-offunction mutations and multiple exon deletions in Australian isolates. Interestingly, the isolates carrying loss-of-function alleles were on average more virulent than isolates carrying the conserved copy of the gene, suggesting that partial deletions are sufficient to evade detection.
Despite the strong association of the gene deletion polymorphism and virulence, multiple isolates carrying Zt_8_609 were able to produce intermediate levels of pycnidia on Toronit. Therefore, the presence of the protein encoded by Zt_8_609 does not completely prevent disease in all genetic backgrounds. The importance of the genetic background for the function of effectors was already shown in the oil seed rape pathogen Leptosphaeria maculans, where the presence of the allele of the avirulence gene AvrLm4-7 suppressed the Rlm3-mediated recognition of AvrLm3 (Plissonneau et al., 2015) . Similar interactions among effectors could explain how strains carrying Zt_8_609 are virulent. Furthermore, differential regulation of Zt_8_609 among strains could explain the incomplete association of Zt_8_609 and suppressed virulence.
The evolution of an avirulence gene in a plant pathogen The comparative genomics analyses among the closest known sister species indicated that Zt_8_609 was likely gained in Z. tritici after speciation. Horizontal gene transfer has been recently suggested as an important source of evolutionary innovation in fungal pathogens (Friesen et al., 2006; Gardiner et al., 2012; Soanes and Richards, 2014) . However, the chromosomal region surrounding Zt_8_609 showed no evidence for horizontal transfer such as unusual variation in GC-content. Alternatively, the gene could have evolved from a paralogous gene copy. Gene duplications in effector gene families are a known driver of effector gene evolution in plant pathogenic fungi (Khang et al., 2008; Pendleton et al., 2014) . However, we identified no paralogs in Z. tritici genomes. As the coding sequence was extremely short (204 bp), the gene may also have evolved de novo from a primitive open reading frame through a step-wise fixation of mutations. Extremely short genes are likely to evolve more readily than genes encoding structurally complex proteins. The de novo gene evolution from noncoding sequences was shown in the Baker's yeast Saccharomyces cerevisiae (Carvunis et al., 2012; McLysaght and Guerzoni, 2015) . However, the presence of multiple short introns in Zt_8_609 suggests that the open reading frame required a complex series of adaptive mutations to become functional. Identifying the evolutionary trajectory of effector genes lacking any known homolog in sister species will be an important step toward understanding processes driving rapid adaptive evolution in plant pathogens.
Effector gene deletions as an adaptive response to host recognition Zt_8_609 and multiple neighboring genes were segregating gene deletion polymorphisms in all populations except Australia. The trajectory of Zt_8_609 was different in the Australian population, as the gene accumulated loss-of-function mutations and is likely pseudogenized. The deletion frequency of Zt_8_609 varied extensively among populations. The high degree of differentiation of the gene (F ST = 0.59) compared with the genome-wide average (F ST = 0.24) suggests that selection may have reinforced population differentiation in deletion frequencies. Effector gene deletions are a key evolutionary step in plant pathogens to evade host immunity (Stukenbrock and McDonald, 2009; Presti et al., 2015) . The fact that we identified alleles of Zt_8_609 in at least one isolate in all analyzed populations suggests that the gene may confer a fitness benefit in the absence of recognition by the host (that is, a host not expressing a cognate R-gene product). For example the protein may modulate host immune system responses as shown for a number of effector proteins (De Jonge et al., 2012) . The observed variation in Zt_8_609 deletion frequencies may reflect geographic patterns in the deployment of cultivars sharing the same R-gene. However, R-gene deployment is poorly documented for Stb R-genes (Brown et al., 2015) . The segregating effector gene polymorphisms found in field populations highlight the evolutionary potential of fungal pathogens to rapidly respond to host-driven selection.
Genomic rearrangements as a driver to modulate virulence in Z. tritici populations Synteny analyses of the two completely assembled genomes of the same species showed that Zt_8_609 was located in proximity to a large chromosomal rearrangement. This confirmed the extensive segmental deletions observed within the species. Given the highly polymorphic region adjacent to Zt_8_609, it is likely that the gene was independently lost multiple times through transposable elementmediated rearrangements. As the gene deletion likely led to higher virulence on hosts carrying the corresponding R-gene, the chromosomal rearrangements were likely adaptive and favored by selection. Chromosomal rearrangements associated with virulence evolution were reported for closely related species or asexual lineages of the same pathogen (Raffaele and Kamoun, 2012; De Jonge et al., 2013) . Our study identified structural variation linked to virulence segregating within a sexually reproducing plant pathogen. The high levels of recombination observed in the species (Croll et al., 2015) likely had a significant impact on the extensive and rapid diversification observed for Zt_8_609.
Fungal plant pathogen genomes are often compartmentalized into gene-sparse, repeat-rich and gene-dense compartments similar to more complex eukaryotic genomes (Lynch and Walsh, 2007) . In multiple species, the gene-sparse and repeat-rich compartments were enriched in effector genes and referred to as the 'two-speed genome' (Dong et al., 2015) . In Z. tritici, genome compartmentalization was suggested for core and accessory chromosomes (Stukenbrock et al., 2010; Croll and McDonald, 2012) , but no enrichment of effector genes according to genomic compartments was identified to date (Rudd et al., 2015) . The avirulence gene Zt_8_609 was located on a core chromosome and was not within an island of TEs. Our comparative genomics analyses of two complete genomes showed that the loss of Zt_8_609 was associated with the loss of a massive cluster of TEs. Unlike most genomes analyzed to date, the location of heterochromatic or TE-rich regions was not conserved within Z. tritici. The mechanisms leading to the complete excision or insertion of TE clusters is poorly understood. The localization of genes in proximity to TEs likely imposes higher mutation loads due to the increased likelihood of non-homologous recombination. Furthermore, fungal genomes evolved genomic defenses to prevent the activity of TEs. The best known defense mechanism is repeat-induced point mutation (RIP) that prevents the spread of TEs by mutating near identical sequences in the genome (Galagan and Selker, 2004) . RIP was involved in the emergence and diversification of effector genes in L. maculans (Rouxel et al., 2011) and effector inactivation in Fusarium oxysporum (Inami et al., 2012) . RIP is active in Z. tritici (Goodwin et al., 2011) and may have contributed to the high levels of Zt_8_609 diversity found among Australian isolates. TEs may also affect transcription of Zt_8_609 by mutating promoter sequences or through epigenetic silencing (Ali et al., 2014; Elbarbary et al., 2016) .
Conclusions
We identified a major association between virulence on a wheat cultivar and a deletion polymorphism for a gene encoding an SSP. The gene deletion likely enabled the pathogen to escape recognition by hosts carrying a cognate R-gene. The gene encoding the SSP was located in a rapidly evolving, TE-rich region of the genome in which multiple neighboring genes were similarly affected by gene deletions. The gene was not found in any of the three known sister species and we found no evidence for acquisition by horizontal gene transfer. Hence, the gene may have evolved recently de novo from non-coding DNA. The rapid evolution of open reading frames encoding effectors may be an underappreciated mechanism of virulence evolution in plant pathogens. Each sequenced genome showed a unique haplotype of segmental deletions in the TE-rich region. Strong directional selection for gene loss and nonhomologous recombination likely acted jointly to create the extant structural variation at the locus. Virulence evolution driven by the loss of a recognized effector gene is accelerated by segregating structural variation. Hence, chromosomal rearrangements can be a major driver of virulence evolution.
